2206503 1 METHOD AND APPARATUS FOR GROW NG DENDRI TI C W\EB CRYST@.@ 0@503
invention relates to a nethod and apparatus for growing silicon :
dendritic-web erystals. Silicon dendritic-web <crystals are long, - thin
ri bbons of single crystalline material of high structural 5 qual ity which
can be growmn in the (111) orientation. The current.inpetus for devel opi ng
silicon dendritic-web is its application to the production of |ow cost, ¢
highly efficient solar cells for direct conversion of sunlight to &t
el ectrical energy. The thin ribbon form of the crystal requires 10
little additional processing prior to device fabrication, in contrast to
waf er substrates fromthe nore traditional Czochral ski crystal which

must be sliced, |apped and polished prior to use, a costly process even
t hough | arge vol une econom es are practiced. Additionally, the rectan- 15
gular shape of the silicon ribbon leads to efficient packing of

i-ndi vidual cells into |arge nodul es and arrays of solar cells. For

techni cal and econonic reasons it is highly desirable that these ribbons be
grown at a predetermned, 20 fixed wi dth ahich matches the requirenents

for ultimate fabrication in d sol ar cells.
METEBR ARRIUGE For N&P

In nost of the growth conft R now, the

growi ng dendritic web conrf%gggg;%ﬁsgghHErTnnTT—TfmrtTysraf‘dEfUTnB under

the influence of 25 thernmal stresses The i nventi consjsts in a
met hod of growing silicomt aén&PWHQ?HﬂQJ?ﬁ%&ﬁ%ﬁstﬁhﬁcwggaﬂ%i%ﬂﬁ;ﬁﬂﬂﬁiﬁ?ﬁfex
cruci ble w thfopogyewiabaklilieonsidendeiticield R ysitls.

5 Silicon dendritic-web crystals are long, thin

ribbons of single crystalline material of high structural
5 quality which can be grown in the (1l1ll1l) orientation. The
current impetus for developing silicon dendritic-web is its
application to the production of low-cost, highly efficient
solar cells for direct conversion of sunlight to electrical
energy. The thin ribbon form of the crystal requires
10 little additional processing prior to device fabrication,
in contrast to wafer substrates from the more traditional
Czochralski crystal which must be sliced, lapped and
polished prior to use, a costly process even though large
) volume economies are practiced. Additionally, ‘the rectan-
15 gular shape of the silicon ribbon leads to efficient
s packing of individual cells into large modules and arrays
' of solar cells.

For technical and economic reasons it is highly
desirable that these ribbons be grown at a predetermined,
20 fixed width which matches the requirements for ultimate
fabrication into semiconductor devices, such as  solar
cells. In most of the growth configurations which have
been used until now, the growing dendritic web continuously
widens until the crystal deforms under the influence of

25 thermal stresses.
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silicon; positioning a radiation shield with a slot therein 5 a spaced

di stance above the silicon nelt to provide a heat flow bal ance between the
mel t and a dendritic web grown through said slot; and controlling the.
tenperature gradients at the boundaries of the dendritic web by enl arging

t he sl ot adjacent said boundaries to form 30 enlarged end regi ons and
control l'isng the intrinsic tenperature gradients in the nelt such . that the
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15 spaced from the enlarged end regions of said slot such that
' as the web is pulled through the slot in the radiation
shield the web achieves ‘a width, which remains
substantially constant over the length of web being pulled.
Further according to the invention is an
20 apparatus for growing silicon dendritic web crystals which
comprises a susceptor having a cavity containing a crucible
in which silicon can be melted and maintained in molten
state; a 1lid positioned over the crucible with a slot
therein through which a dendritic web crystal can be
W, 25 pulled, said slot having a configuration with enlarged end
regions adjacent the boundaries of a dendritic web pulled
through the slot such that the temperature gradients in the
web at the boundaries can be controlled, said lid further
having end holes at either end of said slot, said end holes
30 appropriately sized and'spaced'from the ends of said slot
such that the intrinsic temperature and gradients in the
molten silicon can be controlled; and a radiation shield’
spaced above said 1lid with a slot through which a dendritic
web crystal can be pulled,'said slot having a configuration
35 with enlarged end regions adjacent the boundaries of the
dendritic web such that the temperature gradients at the



3 boundaries of the web can be controlled, said shield further having end’
hol es at either end of said slot, said end hol es appropriately sized and
spaced fromthe ends of said slot such that the intrinsic tenperature - .
gradients in 5 the nelt can be controlled so as to pernit growth of a
dendritic web crystal having a substantially constant width over its

| engt h. 4 pulled; and said susceptoB having radi ation ports extending
outwardly fromthe_ bottom of said susceptor cavity_ through the bottoxy of
said suscfwrdarigsh ehathenheweht Gansi bet GRREEPlLedyr agpddt sshiedd

sili c?_n rre::,l‘.hzﬁ-.fh@zaimﬁ.ﬂgq \Aﬁd dhSles Céﬁcbéb_i:ﬁeﬁﬁlﬁntae c@rﬁdil& ! tsﬁott,ThgaEalesent
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di stributi @RehS ;33NqkRbe% .around the dendrite tip; the portion of the 15
boundi ng dendrite totally surrounded by liquid. In the situation described
in the previous section where constant width growth was obtai ned by

bal anci ng the asymmetric heat |oss near the dendrite tip with the intrinsic
tenperature profile in the nmelt, an effective tenperature symmetry was 20
obt ai ned by bal ancing two rather large quantities. Any slight variation of
either of these quantities would not only dest r oy t he bal ance, but

al so bring the thernoconditions into a condition where the dendrite
growth was unstable: it would either cease to grow ("pull out")



25  or generate ot her dendrltes ("thlrds") Qur present solution
uses additional factors to help create a symejfri- cal heat |oss situation
so that the growth is nmuch nore stable and nore easily controlled in a

i cal i d he,.
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width growth was obtalned by balancing the asymmetric heat

loss near the dendrlte tip with the intrinsic temperature

profile in the melt, an effective temperature symmetry was

20 cbtained by balancing two rather large quantities. Any

slight variation of either of these quantities would not

only destroy the balance, but also bring the

thermoconditions into a condition where the dendrite growth

was unstable: it would either cease. to grow ("pull out")

25 or generate other dendrites ("thirds"). Our present

solution uses additional factors to help create a symmetri-

U  cal heat loss situation so that the growth is mueh more

stable and more easily controlled in a practical situation.

'One particular means of doing this is to widen the growth

30 slot in the susceptor 1lid so that it is approximately

' circular with the dendrite as the access. Such a geometry

gives a more symmetric heat loss pattern from the region

near the dendrite tip and encourages non-deviant growth,
i.e., constant width web.

35 This geometry must be compatible with the other

web growth requirements. The growth of the web section of

the crystal has its own thermal requirements and these must



In order that the invention can be nore clearly'understood, conveni ent
enbodi ments thereof will now be describgd, by way of exanple, with
reference to the accom panying draw ngs 'n which: 25 > Fi gure 1,

h d t al
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crystal s. Fl gure 3 is quarter-section one_e
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for a cs ystl@&s Obe¥ HetBfiplhehkdd iaNchivdli @MBod2REAYUCE iU OinteStién3.

6 Figure sa- qﬁschegﬁtlc % agr r’rPaV\/n1ﬁ h dermon- strates several add tional
exanpl es of FoBESHERTLST, e PREZEH: PYRENIMGR Rfgut®S6 is
a scherratlcletn@n;jlnatmvardvﬂtamroﬁer siroattls afiotther mebhtsécdtﬁ.opr,aoen-ci ng
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doronst rat es. anot her H® hdd WRARE(FEL hy RRE TPecBATE LS Pel i Rt The

physi cal nesdtancses anvdndedinitieheregiteni n®Perfect heat loss symmetry
around the dendrites cannot be obtained because of the_
presence of the web and the meniscus below it. Thérefore,

15 some compensating gradient is still required in the melt \J
temperature profile. - This gradient can be quite small,
however, with the practical result that ‘only relatively
small heat flow quantities are balanced and any small
deviation_s from the balance point still permits stable

20 growth without either "pull out" or. "third" generation.

In order that the invention can be more clearly
understood, convenient embodiments thereof will now be
" described, by way of éxample, with reference to the accom-
panying drawings in which:

25 ' Figure 1 is a schematic diagram demonstrating a
dendritic web crystal being pulled from the melt. Also
shown in Figure 1 is an intrinsic temperature profile at W,
the surface of the melt. _

Figure 2 is a half-section with portions cut away

30 to show ‘detail, of a typical growth system for dendritic
- web crystals.

Figure 3 is a quarter-section of one embodiment
of a lid and shield configuration.
Figure 4 is a graph compai'ing width versus length

35 for a crystal grown using the lid and shield. conf:.gurat:.on
of Flgure ‘3.



of the dendritic web can be readi |y understood fromthe schematic di agram
in Figure 1. The bounding dendrites 10 propagage in very nearly a [211]
crystal |l ographic direction 20 as the result of the crystall ographic
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through the slotstaagefohfsthart hethod Wi Praspitting Rthe Uscepdt hvventidie
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of the dendritic web can be readily understood from the
schematic diagram in Figure 1.’ The_bounding dendrites 10
propagate in very nearly a [211) cr?stallographic direction

20 as the result of the crystallographic symmetry considera-
tions of the reentrant corner twin'plane mechanism. This
growth. symmetry of the bounding dendrites is perturbed,
however, by the lateral temperature gradients generated by

the lateral heat loss as indicated in Figure 1. Heat loss

25 around the dendrites 10 is asymmetrical, being greater at
‘the outside edges 11 and less at the dendrite faces 23 and
inside edges 12. As a result of these gradients, the
dendrites grow slightly more on their outéide edges 11 than

on the inside edges 12 with the result that the web crystal

30 widens as it gréws longer. Also as shown in Figure 1 is an
intrinsic temperature profile at the surface of the melt, a

. profile resulting from heat 1055 through the slots and
holes in the 1lid which covers the susceptor as in the
 typical grdwth system shown in Figure 2. Theoretically,

35 growth at a constant width will result if the temperature
gradient resulting from the lateral heat loss is balanced

by'a temperature gradient resulting from the intrinsic melt



havi ng a suscéptor cavity 29 contains a crucible 30 con- taining nolten
pol ycrystalline silicon 31. A susceptor lipd 15 is positioned over the:
cruci bl e/ susceptor system The 15 susceptor |lid 15 econtains a slot 16
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fit in register over the top of_ thé suscepto such t ﬁ
crystal 32 is bounded by a bounding dendr:.te 10 whlch is .

immersed in the molten polycrystalll_ne silicon 31. Also

shown in Figure 2 are radiation shields 20 spaced above the

20 lid -15. As shown, the radiation shields 20 also contain

slots 16 through which the dendritic web crystal 32 may be
pulled. | _

Referring to Figure 3, there is illustrated a

specially designed 1id and shield conflguratlon vhich

25 permits growth of silicon dendritic web at a predetermlned

width. The configuration also permits some adjustment of

the desired width during growth. Susceptor lid 15 has a

relatively short slot region 16 which provi'de's a hot bridge

region 17 to reduce the lateral heat loss, and appropriate-

30 ly sized end holes 19 spaced a predetermined distance from

the ends of the slot 16 and adjacent the boundaries of the

dendrite web, to control the intrinsic thermal gradient in

the melt. As shown in Figure 3, the slot region 16 con-

nects with an enlarged circular end region 18. This end

35 region 18 permits symmetrical heat 1loss around the

dendrites, and is generally symmetrical about the dendrite.

Additional control of the thermal gradient in the melt is



slot region 16, end holes 19, and end region 18 remain uncovered. 10
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be construe I'mitations on
htion. 15 qher—erebnipgemﬁ.aﬁ‘é safvasing The addiddan qfawhfe erddhedes
colntrol the widiy @o the design modifies the melt temperature so that a

stable growth is possible. The width at which control is

achieved is determined by the dimensions of the slot 16 and

end holes 19 and the distance the end holes 19 are spaced

20 from the slot 16. Since there may still be a shallow

temperature "trough" at the melt surface, the precise

crystal width within a small range can be fine tuned by
small adjustments of the system temperature.

Figure 4 shows the width as function of length

25 for a crystal grown using the growth configuration of

Figure 3. The crystal maintains its width within % 0.5

millimeters for well over a meter of growth. Some of the

fluctuation which occurred was the result of the same

temperature changes made by the operator. Other crystals

30 .grown with this configuration reproduce the width/length

characteristics as shown to lengths of 5 meters of constant

width. By intentionally introducing small changes in the

system temperature, the crystal may be made to widen of

narrow, so that the growth at spécific width is achieved

35 without detriment to overall growth stability. ' |

The éxample discussed above and illustrated in

Figure 3 should not be construed to impose limitations on .



the web crystal. A few exanples of other lid slot [err] tries are shown in’

Figure 5. Each of these configurations 5 rmt control of the heat |oss
the region of the web crystal, the boundi ng dendrites-and over -
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about the boundaries of the web. Also, as shown in Figure

5, each of the 1lid slot geometries contains end holes

19a~e. Again, these end holes may, but need not, be
circular. For example, Figures 5b and 5c¢ demonstrate oval
end holes. Additionally, it would be possible to practice

the present invention by providing more than one end hole.

19 at each end of the slot 16. As shown in Figure 5c¢
through 5Se, the end holes 19 are joined to the end region
18 by means of a secondary slot region 21lc-e. As shown,

this secondary slot region 21 may be of varying width

depending on the particular needs of. the system.

Another method of carrying out the present
invention is demonstrated in Figure 6. For example, given
a configuration which produces the desired temperature
profile in the melt, the heat 1loss pattern from the
dendrites can be controlled by adding heat to the dendrite
edge 11 with a focused radiative heat source 22, thus
decreasing the losses from the dendrite edge 11 in order to
approach a more symmetrical heat 1loss pattern from the
dendrite tip. '
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10 As shown in Fi gure 7, the heat Ioss pattern can also be altered by

I ncreastng the heat Iosses fromthe denhdrite.faces 23 using gas jets 24.
As shown, the gas jets 24 can be used to cool "the dendrite faces 23 in
order 5 to approach sy t a 'g?:?% n r

dendrite. Figure 8 represe@rﬁsséﬁ&%pggl tgv%/ aG‘)f d&%éam%aéﬁdgyglgcb\%ggern )
with dendrites BGaseibg @diteged ne¥udmareasing: tlge| hegte iossept ot?rqm dthe.

10 AW . Aerdiawe | Pafbsuns &asiﬁél %fa'son PO512425 i3 té}?ox&vscsﬁé%as |

lid 15 can al so be used to increase | osses romthe dendrite faces 23.
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susceptor | isd 15tot Oappeoavhersyniget BicHl Heatsubsept eonditiohse drshndi ehe
15 ports, %Ia% extend froma region in the slot 16 adjacent the
regi on through C f¢ dendrites, or bounda- ries of the dendritic web,
are pul l ed. Radiation por tBgune dBaIIseptﬁasqzmt iaontdpal wiew t het siazleS‘-YOﬁCtalle

susceptor, posi tdeq.[aﬁqa %@1%3}&’&:@%@'}! ?e&d}ﬁlie%o'i@d%rel?ﬁ @ 11k ﬁrro%%h

control tenperature ients at the boundaries. lnversely, given a s
desi gn whi ch eorfh®ol °t'°ne15néé’t qh@s@-ﬁiﬂ%@ﬂ*‘ ldgmiShe dendrites, the

t errFer gt7 ur qtcdl 3_t ributi It otnhwsbtétlﬁaml %n fpﬂbdrbee(;OBhHQthGanU}trsaCﬁ51t i8N the
ports 27 extending ou e m o ce

appropri ate radisé% EP T et Bg §§nsl‘?g\ﬂ‘? li?? I'—‘P?ﬁé ?. 1nﬂ§¥§ﬁ8vvr]l°fsﬁe|§| d':l’flpé'
9, the radiati ortl'pordaudz':it@(tﬁamdaé radn t hes ssisovapi othesei tad28tibonopgtsh@s
suscept or Dot t OByifhng THELFAMPYT QBoROEHS 2ARCTIE lofioBhe | B38coHERM 18R 15

melt, and are positl oned cation I n suscept or suc
mel t terrper at ur &prigie | ¥aten edeendpt °@aﬁ=h@e %‘b?ﬁ?liﬂ?redllﬂs sEB&n radiptdene

8 ‘(d thiss | ¢atdsdn aeneedbivi, Coextdnd deron t B thegieratiionthe tépoends
hol es 19 in the %HSC%P%Pkﬂé(iéuion through which the dendrites, or bounda-
ries of the dendritic web, are pulled. Radiation ports
could élso be positioned along the sides of-the-suscep;o:,
~ positioned adjacent the dendritic web boundaries to further

20 contrel temperature gradients at the boundaries.

Inversely, given a slot design which controls the
heat loss pattern from the dendrites, the temperature
distribution in the melt could be controlled with radiation
ports 27 extending out the bottom of the susceptor 28 or by

25 'appropriate radiation shielding, as shown in Figure 9. As
shown in Figure 9, the radiation ports 27 extend from the
.\,)' susceptor cavity 29 through the susceptor bottom 34. The
radiation ports 27 permit heat loss from the melt, and are
_ positioned at a location in the susceptor 28 such that the
30 melt temperature profiles in the melt can be controlled.
o As shown in Figure 8 and 9, this location generally co-
incides with the 1location of the end holes 19 in the
susceptor 1lid 15. '



CLAI MS: 1. A nmet hod of grow ng SI|ICOﬂ dendrltlc web crystals whi ch
conprises charging a crucible with pol'ycrystalline silicon ; nelting the
silicon; positioning .5 a radiation shield with a slot therein a spaced

di stance above the silicon melt to provi de a heat flow bal ance between the
melt and a dendritic web grown through said slot; and controlling the
tenperature gradients at the boundaries of the dendritic web by enl arging
the slot 10 adjacent said boundaries to formenlarged end regions aneld
controlling the intrinsic tenperature gradients in the nelt such that” the
nelt tenperature profile is substantially flat over the region of the nelt
fromwhich the web is grown, by providing additional openings in the
shiel d, such 15 openings being spaced fromthe enlarged end regi ons of

sai d slot-such that as the web is pulled through the slot in the radiation
shield the web achieves a width, which remins substantially constant over
the L ength of web being pulled. 2. A nethod according to claim1, wherein
the 20 enlarged end regions of the slot provide a synmetric tenperature
gradi ent around the boundaries of the dendritic web being pulled through

the slot in the radiation shield. 3. A method according to claim1 or 2,

wherein the web w dth renmains constant towthin 0.5 mllinmeters 25 over
the length of the crystal. 12 4. ipparatus for growing silicon
dendritic web crystals which conprises & susceptor having a cavity
contalnlngrgL£§M$+gle in which silicon can be nelted and naintained in

nolten sta positioned over the 5 crucible with a slot therein
through whi ch a dendriltic Aeguethod of growing silicon dendritic web

crystals which comprises charging a crucible with
polycrystalline silicon ; melting the silicon; positioning
5 a radiation shield with a slot therein a spaced distance
above the silicon melt to provide a heat flow balance
between the melt and a dendritic web grown through said
slot; and controlling the temperature gradients at the
boundaries of the dendritic web by enlarginQ the slot
10 adjacent said boundaries to form eniarged end regions and
controlling the intrinsic temperature gradients in the melt
such that the melt temperature profile is substantially
flat over the reglon of the melt from which the web is
grown, by prov;dlng additional openings in the shield, such
15 openings being spaced from the enlarged end regions of said §~)
slot such that as the web is pulled through the slot in the
‘radiation shield the web achieves a width, which  remains
substantially constant over the length of web being pulled.
2. A method according to claim 1, wherein the
20 enlarged end regions of the slot provide a symmetric
temperature gradient around the boundaries of the dendritic
web being pulled through the slot in the radiation shield.
3. A method'according to claim 1 or 2, wherein
the web width remains constant to within + 0.5 millimeters
25 over the length of the crystal. '
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c?ystal | can be pulled, said slot -having a conf | guration with enl arged end
regi ons: adj acent the boundaries of a dendritic web pulled through the slot

such that the tenperature gradients in the web at the boundaries can be 10
controlled, said lid further having end holes at either end of said slot,

said end hol es appropriately sized and spa fromthe ends of said slot
such that the intrinsic tgnperature and%gs;aggent's iwn t he Jten sil idCOn.can
be contiglled; and a radiati oﬁ-nshq‘%?"ﬁ:es et®5p&FE s_lé’igd FHHG WOBRAZ LSS

t hr ough “whi ch avetendrystalseiwhichscainprisese pubhedepsard avinghaai cgvaty

configuration w e . 2QL0 | ng s o] any e
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web can be cont®dirbaineg dnhpelienurstrehad nkidnPafditeonedo@vay t hbe

end of said sl GrucidXb et 651 P PEREFd B St rSudie Gritlch spagefatientt heb
ends of said slot such that .the |fgr|n5|c.te ﬁéﬁa re.gradients _i.n th
a d

. el t -
can be cont rol [FFERRsCED RS rPRLLrSne Fade vidGnt EPPLLGRTALS PRy
a substanti al | witxmseatargedt kel eregtiond5 adjuddnt 5than bpundatries of a

according to clai wher ej h arge r&adi o S| of e
l'id and the radfeaﬁgﬁt%ﬁi e‘l’%gagjuglclggn{l t%‘e"d%‘ggﬂdatﬁ%s%}ég htg’%\%e% g?‘e%t thd
symetri cal abdiemperatimmgrddiensis tie the. wed at the boumlarjesrecdndbsf
growi ng siljcondaidildds, Wl U Fud-thedS hakling lhd@hol@sChitbed thereend

Accompanyi ng dwiid 5ot,” aas args Mihesy AmRhapTiAteldn Ssard: Paf SRageds
crystal s subst ahtoml lthes etielscr biiedsaidei slott hspeht ithatr tleéerianceihsic
F'\g'/ 3, 5 6, Yten%e%rat%z%f Lhs Yy R be NPnd'@4 "gJ7ten silicon can be
controlled; and a radiation shield spaced above said 1lid
15 with a slot through which a dendritic web crystal can be
pu-lled, said slot having a configuration with enlarged end
regions adjacént' the boundaries of the dendritic web siuch
that the temperature gradients at the boundaries of the web
‘can be controlled, said shield further having end holes at
20 either end of said slot, said end holes apyropriately sized
and spaced from the ends of said slot such that the
intrinsic temperature gradients in the melt can be
controlled so as to permit gro.wth of a dendritic web
~ crystal having a substantially constant width over its
25 length. |
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5. An apparai:us according to claim 3 s wherein the
enlarged end regions of the slots of the 1lid and the
radiation shield adjacent the boundaries of the web are
symmetrical about the boundaries of the web.

6. A method of growing silicon dendritic web
crystals substantially as described herein with particular
reference to Figs. 3 and 4, Fig. 6, 7, 8 or 9 of the
accompanying drawings .

7. Apparatus for growing silicon dendritic web
crystals substantially as described herein with particular
reference to Fig. 3, 5, 6, 7, 8 or 9 of the accompanying
drawings. | ' '
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